Abstract-Noise minimization is an important issue for a single-chip CMOS image sensor. Stray minority carriers diffusing from the circuit region to the sensor array through the substrate are one possible source of noise. To study this effect, an nMOS transistor was deliberately placed close to the sensor array as a source of stray minority carriers. The influence on the image quality was then examined by varying the switching frequency applied to the transistor. The results provide useful information for CMOS imager designs to eliminate the effect of stray minority carrier diffusion.
I. INTRODUCTION
S OLID-STATE imaging technology has achieved luminous growth in the camcorder and the digital camera markets over the past 20 years. With the improvement in CMOS technology, CMOS imagers can implement more integrated circuit elements to achieve multifunction system-on-chip designs [1] - [3] for high-end imaging applications, particularly for a digital pixel design. Since the pixel-level analog-to-digital converter (ADC) is placed near the sensing node of a digital pixel, it is greatly influenced by the stray minority carriers. However, the effect of stray minority carriers in the substrate is not explicitly considered in most researches [4] . They simply mentioned preventing the stray electron effect with guard-rings [5] , but no paper has quantified the influence of the diffusion mechanism.
The studied noise mechanism is related to excess stray minority carriers diffusing through the lightly doped p-type substrate and captured by the sensor. The excess minority carriers can be generated by switching nMOS transistors near the sensor array. As an nMOS transistor is turned on, minority carriers are extracted from the source and drain nodes to form the inversion layer. When the transistor is turned off, a certain number of minority carriers originally residing in the inversion layer are expelled into the substrate and become excess stray minority carriers traveling in the lightly doped substrate, as shown in Fig. 1 . Generally, the mean free paths of these minority carriers can reach several hundred micrometers before recombination [6] . As a result, those carriers can be transported to the active region of the image sensor array and then be absorbed. The captured minority carriers are indistinguishable from photocarriers and consequently the output signal is corrupted. To ensure that the signal is coming from the minority carriers, all images are captured in a dark environment.
II. EXPERIMENT DESIGNS
A test chip was fabricated using the TSMC 0.13 µm CMOS image sensor process with an 8-12 Ω · cm p-type substrate. The imager contains a 640 × 480 pixel array and a set of analog readout circuitry in each column. Each pixel has a pinned photodiode and four transistors, similar to a typical four transistor active pixel sensor structure [7] with an area of 3.3 µm × 3.3 µm. To eliminate other circuit noise on the imager chip, an off-chip complex programmable logic device and a 12-bit ADC are installed on a test board to provide control signals and to convert output data into digital format, respectively. The specifications of the fabricated image sensor are summarized in Table I. 0741-3106/$25.00 © 2008 IEEE To evaluate the influence of excess-minority-carrier diffusion in the substrate, an nMOS transistor was placed adjacent to the sensor array. The size of the transistor was 10 µm in width and 4 µm in length. The transistor was 10 µm from the right edge of the sensor array and one quarter of the way down from the top of the chip.
Two indexes were defined to quantitatively describe the influenced region under the effect of stray minority carriers. These indexes are computed by the following methods.
One hundred consecutive frames of images were recorded continuously and temporal averaging was performed on each pixel to eliminate random noise. When the image is acquired from the image grabber, the noise-generating nMOS keeps on switching with a variable frequency. An image captured while the nMOS is switching is defined as F 1; an image captured while the nMOS is quiet is defined as F 2. The subtraction of the two images (F = F 1 − F 2) can be considered as the net influence solely due to the noise-generating nMOS operation. To evaluate the dimension of the influenced region, a 3-σ value, where σ is the pixel-to-pixel fixed pattern noise, is utilized as a threshold value for the subtracted images F . A binary image that distinguishes the affected region from the unaffected region is thus obtained.
A typical zoom-in binary image near the noise-generating nMOS is shown in Fig. 2(b) . The influenced region reveals a nearly triangular shape, and the affected pixel counts versus row number can be plotted, as shown in Fig. 2(c) . The depth of the affected region (DER) is defined as the largest affected pixel count along the rows whereas the width of the affected region (WER) is defined as the row count between the two points (X1, X2), where their corresponding affected pixel counts is half of the maximum value.
To verify the diffusion mechanism, a 2-D structure shown in Fig. 3 is used to simulate the diffusion mechanism of the stray minority carriers. The doping concentration of the substrate in this simulation is defined as 5 × 10 15 cm −3 . An nMOS transistor, which is used to produce excess minority carriers to the substrate, is placed on the right side. The transistor was 1 µm in length. A square wave is applied to the gate of the NMOS transistor. The carriers can be absorbed by an n-well located a variable distance from the transistor. The distance is changed from 1 µm to 10 µm. The absorbed carriers will provide a weak current to the sensing node.
III. RESULTS AND DISCUSSIONS
As the noise-generating nMOS is turned on, the border of the sensor array near the noise transistor becomes brighter as shown in Fig. 2 . The influence of the excess stray minority carriers can be adjusted by varying the switching frequency of the nMOS noise transistor. The DER and WER curves were plotted versus the switching frequency as shown in Fig. 4 . Both DER and WER increase with frequency but with different proportional factors. It is evident that as the pulse frequency increases, the WER grows faster than the penetration depth (DER). This can be explained as follows.
The stray minority carriers diffuse in all possible directions and are absorbed by the pixels as they travel toward the sensing array. Most of the absorbed carriers were captured near the edge of the pixel array, and only a small amount could penetrate deeper into the sensor array. This is because the photodiodes captured the stray minority carriers as these diffused into the array region. However, there was no such carrier absorption mechanism in the lateral direction. The diffusion length of these carriers in the lightly doped p-substrate was quite long. This explains why WER was significantly larger than DER at higher pulse frequencies.
From Fig. 4 , WER was characterized to be several hundred pixels wide (∼> 600 µm) as the applied frequency reaches 30 MHz. This phenomenon further demonstrates the pervasive influence of the excess minority carrier diffusion. It suggests that design consideration should be taken to eliminate or minimize this effect. DER can be used to estimate the minimum width of an n-type guard-ring surrounding the sensor array. In this particular example, DER is 26 pixels wide and the calculated minimal required width for the n-type guard-ring is around 86 µm.
The following Figs. 5 and 6 show the results of the simulation. The following Fig. 5 reveals the relationship between the sensing current and the switching frequency. The distance between the n-well and the NMOS is 3 µm. the current is almost constant in a low operated frequency, but rapidly increase for frequencies higher than 1 × 10 5 Hz. Since the diffusion length will affect the number of the absorbed electrons, the distance between the nMOS and the n-well will alter the influence of stray minority carriers. The relationship between the sensing current and the varied distance is shown in Fig. 6 . The current coming from the absorbed carriers will decrease with the increasing distance. Both sim- ulation results and the measurement results reveal that the stray minority carriers can greatly influence image quality.
Besides, the concentration of the substrate is an important factor to determine the lifetime of the stray minority carriers. As long as the concentration of the substrate is the same, the lifetime of the stray minority carriers should be similar.
IV. CONCLUSION
This project implemented an nMOS transistor near the sensor array to study the impact of stray minority carrier diffusion upon image quality. Significant influence on image quality was observed and the affected region expanded as the switching frequency of the switching nMOS increased. The measured results can be confirmed with the simulation results. Both results show that this diffusion mechanism would exert significant impact on image quality if proper protection was not taken. The measured DER values versus switching frequency provided the required guard-ring widths to eliminate image quality degradation due to the excess minority carrier diffusion effect. As long as the concentration of the substrate is the same, this result can be referenced in different processes. This effect should be considered in the image sensor design phase.
